Polarization-resolved coherent Raman scattering (polar-CRS) provides rich information on molecular orientational organization, with the strong advantages of being a label-free and chemically specific imaging method. Its implementation, however, strongly reduces the imaging acquisition rate, due to limits imposed by polarization tuning. Here we demonstrate fast-polar-CRS imaging based on combined electro-optic polarization and acousto-optic amplitude modulations, applicable to both stimulated Raman scattering and coherent anti-Stokes Raman scattering imaging. The proposed scheme adds polarization information without compromising the capacities of regular CRS intensity imaging; increases the speed of orientational imaging by two orders of magnitude as compared with previous approaches; and does not require post-processing analyses. We show that this method permits sub-second time-scale imaging of lipid order packing and local lipid membrane deformations in artificial lipid multilayers, but also in red blood cell ghosts, demonstrating its high sensitivity down to a single lipid bilayer membrane.
INTRODUCTION
Coherent Raman scattering (CRS) imaging has progressed considerably over the past decade, making coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS) powerful tools to monitor the presence of specific molecules in cells and tissues [1] [2] [3] [4] with real-time imaging capabilities [5, 6] . A large amount of work has been dedicated to access of vibrational spectral information at fast time rates, allowing differentiation of species in biological samples at sub-second time scales [7] [8] [9] .
More recently, increasing effort has been brought to quantify the degree of orientational organization of chemical species using the sensitivity of CRS to polarization [10] . CARS and SRS rely on the illumination of a sample by two synchronized lasers at the Stokes (ω s ) and pump (ω p ) frequencies. CARS results from a nonlinear induced anti-Stokes radiation (frequency ω as ), which is enhanced at the resonance condition ω p − ω s Ω r [ Fig. 1(a) ], whereas SRS is quantified by the amount of energy transfer from the pump to the Stokes when both beams are in resonance with a molecular vibration frequency Ω r [4] [ Fig. 1(b) ]. In both processes, the resulting signal is strongly sensitive to the incident polarizations when the probed vibration bonds are oriented, making it an interesting probe for the degree of molecular orientation inside a focal spot of typically 400 nm size. Initially introduced in CARS imaging, polarization-resolved CRS relies on the monitoring of the CARS signal response to the rotation of the incident light polarization (either the pump or both pump and Stokes) or the sample itself. Provided that molecular bonds are oriented, this results in a modulation of the detected intensity at ω as , which is maximized when the incident polarizations lie along the averaged direction of the bonds' distribution [ Fig. 1(c) ]. Using such methods, high molecular organization has been evidenced in water molecules between phospholipid layers [11] , CN bonds of liquid crystals [12, 13] , CH bonds of polyglucan chains in cellulose [14] , and in various symmetry modes of zeolite crystals [15] . Monitoring the CH 2 vibrational stretching bond in lipids has shown considerable level of information on lipid order within artificial multilayers [16, 17] , where the measured modulation was used to retrieve quantitative information on sub-diffraction molecular orientational order behaviors, in particular, its mean orientation and angular distribution shape [17] . Lipid order imaging by polarization-resolved CARS has also been applied in myelin, which forms dense lipid multilayers around axons. Myelin structural imaging has been demonstrated in fixed tissues in mouse brain [18, 19] and sciatic nerve [20] , as well as in the spinal cord of mice [17, 21] and anesthetized zebrafish [22] . Being able to monitor lipid order without the need of fluorescent labels ultimately brings new knowledge on lipid packing properties, which is critical for the structural integrity of myelin in the central and peripheral nervous systems, with consequences in neuropathologies [20] [21] [22] . More generally, lipid packing plays a role in the maintenance of skin lipid barriers, in cell signaling, and in cell mechanics. Recently, polarization-resolved CARS has been extended to SRS, emphasizing the major advantage of avoiding correction for the non-resonant background polarization dependence, which tends to underestimate molecular order in conditions of low signal to noise [23] .
Obtaining orientational information from polarizationresolved CRS allows access to molecular-scale processes that are not visible in pure intensity images. Yet currently developed techniques are not able to address fast time scale dynamics, the main reason being the requirement of point scanning modalities. Typical molecular order imaging is performed at the rate of minutes for sequential polarization tuning on images of 150 × 150 pixels [17, 19, 21, 22] , to tens of seconds in schemes using synchronization between line scanning and polarization rotation [20] . This limits the current applicability to minute-scale processes, with the obvious inconvenience of sensitivity to sample motion and lack of dynamics information. CRS microscopy is nevertheless potentially able to reach much faster acquisition rates, as expected from its intrinsic noise limits [9] . In all polarization-dependent CRS methods, the polarization is varied in steps but not modulated continuously, preventing faster lock-in-based methods to be implemented. Only a few examples of fast-polarization modulation have been reported, based on modulation of polarization between two perpendicular states only [24] , which leads to faster rates but loses the full information (orientation and shape) on the molecular distribution [10] . Electro-optical modulation of polarization at a rate of a few kHz has been used in second-harmonic generation (SHG), the SHG modulation phase being detected by lock-in amplification in regions of oriented molecules [25] , or in homodyne SHG by interference with a reference SHG beam [26] . However, these schemes did not extract molecular order information.
We propose here a method that exploits the benefit of highspeed electro-optical polarization modulation of the pump beam (in principle up to MHz as limited by electronics bandwidth) and lock-in amplification, to read-out molecular order and orientation at a fast rate, e.g., exploiting both amplitude and phase information. In polarization-resolved SRS, this approach uses Stokes beam modulation as a result of energy transfer from the pump beam; however, in contrast to traditional SRS, the energy transfer occurs only in regions of the sample where molecules are aligned. Polarization modulation is thus a new source of stimulated Raman gain (SRG) or loss, sensitive to not only vibrational specificity, but also orientational behavior. Additionally, we show that such polarization modulation can be combined with intensity monitoring in a double modulation mode to retrieve not only a molecular bond density map, but also an absolute value of molecular order per pixel (e.g., the width of angular distribution explored by molecular bonds in the focal volume). We finally show that, similarly to SRS, this scheme is also applicable to polarization-resolved CARS, with fast dynamics and high sensitivity down to single lipid bilayer in cells.
PRINCIPLE OF FAST-POLARIZATION CRS IMAGING
In regular SRS, here used in the SRG mode, the power gain in the Stokes beam is measured at the modulation frequency of the pump beam, which acts as a local oscillator. In a medium where molecular bonds are oriented, a rotation of the pump linear polarization will induce a modulation of the signal, due to variation of the energy transfer efficiency from high (molecular bonds parallel to pump polarization) to low (molecules bonds perpendicular to pump polarization) [ Fig. 1(d) ]. The sinusoidal variation of the SRG signal carries, in particular, information of the degree of orientational order of molecular bonds (amplitude of the signal modulation) and its average direction (phase of the modulation). Accessing these two quantities simultaneously is essential to addressing both the molecular-scale behavior of orientational disorder (within the diffraction limit size of about 400 nm) and its orientation over larger mesoscopic scales (within the distance of a pixel, typically 100 nm-300 nm size) (see Supplement 1) [23] .
Fast-polarization modulation aims at measuring these amplitude and phase parameters simultaneously, using a fast rotation of the pump linear polarization direction, while the Stokes polarization remains circular to avoid artificial photoselection from this beam [ Fig. 1(d) ]. This scheme is imposed by the chromatic nature fast-polarization modulators. In the present method, the incident pump and Stokes wavelengths come from a 180 fs-80 MHz Ti:sapphire laser followed by an optical parametric oscillator, set at, respectively, 781 nm and 1004 nm, in resonance with the vibration frequency of 2845 cm −1 of the CH 2 symmetric stretching vibration mode active in lipids [ Fig. 1(d) ]. The optical resolution of the optical setup used for coherent nonlinear thirdorder processes is about 437 nm lateral and 1.6 μm axial (see Supplement 1) . The pump beam is amplitude-modulated by an acousto-optic modulator (AOM) at a typical frequency of 2 MHz, and further polarization-modulated by an electro-optic modulator (EOM) at a 100 kHz frequency followed by a quarterwave plate [ Fig. 1 (e); see Supplement 1, Fig. S1 ]. Note that the EOM modulation frequency used here is only limited by the bandwidth of the amplifier. To provoke a sinusoidal SRS or CARS modulation due to polarization, the EOM is driven by a periodic voltage ramp that provides a regular sweep of the in-plane linear polarization angle α in the range of [0°-180°] (see Supplement 1, Fig. S2 ). The measured signal from the photodetector is split into two independent input channels of the lock-in. A homodyne lock-in detection is applied by using the reference signals that modulate the AOM (internally generated by the lock-in) and EOM (generated by the function generator). Both channels are simultaneously demodulated at their respective modulation frequencies, retrieving the amplitude of the AOM modulation on one side and the amplitude and phase of the EOM modulation on the other side. The quality of the rotating linear polarization produced is seen to be high with negligible ellipticity and a slight residual di-attenuation (see Supplement 1, Figs. S2 and S3).
For both SRS and CARS modalities, the polarization modulation leads to a α-dependent modulated response of the signal of the form (see Supplement 1)
where α is the rotating pump polarization direction in the sample plane, a 0 is the total measured intensity, and S 2 and φ 2 represent, respectively, the amplitude and phase of the second-order induced modulation. Here we do not represent higher harmonics that could be treated as additional information [17] . S 2 and φ 2 are, respectively, related to the degree of alignment of molecular bonds within the focal spot of the microscope objective and to its average orientation (see Supplement 1). In particular, S 2 is equal to 0 in isotropic samples, and increases with increasing order, e.g., decreasing width of the molecular angular distribution excited in the focal volume. Note that the relation between the obtained S 2 ; φ 2 parameters and the intrinsic molecular order taking place within the focal spot of the microscope can be directly related to regular polarization-resolved CARS and SRS [17] . In particular, it can be shown that when the polarization dependence of the measured intensity is truncated to its second-order Fourier series such as done in Eq. (1), the tensorial components combinations of the macroscopic third-order nonlinear tensor that are probed in both CARS and SRS processes are identical when they are retrieved by rotating the pump/circular Stokes or by rotating the pump and Stokes (see Supplement 1) .
show the result of a pure polarization modulation applied to SRS detection in a multilamellar vesicle (MLV) made of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), a high-transition-temperature lipid known to form high-order multilayer structures [16, 17] . The result of the modulation in those images is not an intensity map such as in traditional SRS, but a relative molecular order image, as a result of a response to polarization, in CH-oriented regions of the sample. The measured modulation S 2 and phase φ 2 are moreover directly and simultaneously obtained from the lock-in detection without postprocessing, in contrast with previous polarization-resolved CRS approaches. Importantly, those images are obtained at a pixel rate of 50 μs from the average over five polarization periods, which represents a significant increase in speed.
The obtained S 2 image is highly contrasted [ Fig. 2(a) ], revealing the outside ring of the MLV spherical shape where molecular bonds are oriented over an isotropic background, where no polarization dependence is expected. This structural contrast capability is very similar to that found by symmetry filtering using circular polarizations, as presented recently [27] . Here, however, the averaged orientation φ 2 can be additionally obtained from the phase of the SRS modulated signal [ Fig. 2(b) ], information, which is not accessible by symmetry filtering. Figures 2(c)-2(d) show a combined representation of amplitude and phase per image pixel, using sticks oriented with φ 2 and colored with S 2 . This representation provides information on both the local molecular order within a given pixel and orientation persistence over several pixels. Here the measured CH molecular bonds can be seen to follow the membrane contour homogeneously [ Fig. 2(d) ], as expected from their direction being perpendicular to the lipid chains in tightly packed lipid multilayers [ Fig. 1(c) ].
At this stage, the image produced is the signature of strong molecular organization and permits visualizing relative variations at a pixel rate of 50 μs. However, it does not provide an absolute read-out of molecular order, for which normalization by the total measured intensity (e.g., DC amplitude of the signal) per pixel is required. To provide such capability, we implemented simultaneous amplitude (AOM) and polarization (EOM) modulations of the pump beam at different frequencies [see Supplement 1, Fig. S1 , and Fig. 1(e) ]. Figures 2(e)-2(h) show the result of such double-modulation detection on the same MLV as in Figs. 2(a)-2(d) . The AOM+EOM image produced [ Fig. 2(f ) ] shows that using both modes simultaneously reveals very similar S 2 and φ 2 maps as compared to pure EOM [ Fig. 2(c) ], which emphasizes the possibility to use both modalities in an equivalent way without any compromise in signal-to-noise conditions (see Supplement 1, Fig. S4 ). Comparing the two modes, the SRS intensity (AOM image) shows a low signal where the polarization modulation (EOM image) was relatively lower in the sample, meaning that the absolute molecular order is likely to be rather homogeneous in this sample. New features are also visible at the border of the MLV using the intensity image [ Fig. 2(h) ]. Here, for instance, the local CH bond orientations, φ 2 , are seen to deviate from the membrane contour direction in regions lower in lipid density (e.g., low SRS intensity), most probably as a result of a higher mesoscopic (pixel-size) disorder in those regions.
FAST QUANTITATIVE MOLECULAR ORDER IMAGING
In order to evaluate the potential of fast-polarization modulation for quantitative dynamic determination of molecular order, we compared the result obtained from regular-polarization SRS to that from fast-polarization SRS on the same DPPC MLV sample (Fig. 3) . Regular-polarization SRS was generated by a discrete variation (typically 5°step) of the incident pump and Stokes linear polarizations, deducing amplitude and phase components S 2 ; φ 2 from the Fourier series decomposition of the signal recorded at each pixel of the produced image stack (see Supplement 1). This analysis is performed at the post-processing level and, thus, permits normalizing the amplitude coefficient to the total intensity per pixel, obtaining normalized coefficients S 2n , which can be directly interpreted as absolute molecular order values [17] [ Fig. 3(a) ]:
In the case of the fast-polarization modulation [ Fig. 3(b) ], this normalization procedure was obtained from the amplitude recorded via lock-in detection at the AOM modulation frequency. The S 2n values obtained by this procedure and their spatial dependence over the MLV contour are very similar to those obtained by regular-polarization SRS, the slight variations observed being attributed to differences in the integration times required for the two measurements. Overall, the molecular order values obtained from fast-polarization normalized SRS are also very close to those reported previously using regular-polarization SRS on DPPC MLVs [23] .
Remarkably, the fast-polarization SRS image in Fig. 3 (b) has been obtained in 1 s, which is two orders of magnitude faster compared with the regular-SRS image in Fig. 3(a) using the same incident powers, number of pixels, and dwell time per pixel. To assess the sensitivity of the method to the image acquisition speed, we measured the relative noise obtained on S 2 for different conditions of acquisition time and incident powers. Decreasing the dwell time and power obviously increases noise, leading to higher S 2 standard deviations measured over a MLV contour [Figs. 3(c) and 3(d) ]. Even though the dependence found is very similar to an inverse square root law, the detection does not reach the shot noise limit since additional electronic and laser noise contributions appear at 100 kHz. Nevertheless, in the present experiment, the measured noise is seen to fall down close to shot noise levels above a modulation frequency of 600 kHz, which is, in principle, reachable for polarization modulation (see Supplement 1, Fig. S4 ).
These measured parameters allow quantifying the framework for which sufficient sensitivities can be attained: typically, using a dwell time below five EOM modulation periods (here 50 μs) is affordable but at the cost of loss of precision. Increasing the EOM modulation frequency would therefore give access, in principle, to higher acquisition rates, with more favorable noise rejection in the lock-in amplification. In addition, under the experimental parameters used here, a reduction of the pixel numbers would give access to millisecond time scales in molecular order modifications. This emphasizes the capabilities of the technique to access sub-second time dynamics. This phenomenon could also be recorded in fast-polarization CARS with similar sensitivity as for SRS [28] [Figs. 4(c) and  4(d) ]. Indeed, even though lock-in amplification is dedicated to the detection of a low modulation over a large background, it can considerably improve signal-to-noise ratios in CARS imaging, in particular, in the use of fast scanning capabilities as shown previously for SHG [29] . In the present case, the EOM polarization modulation provides a source for CARS signal modulation, which is quantitatively very similar to the one obtained in SRS (see Supplement 1, Fig. S6 ).
Despite their robustness, occasional local alteration of molecular order in MLVs could be observed at the time scale accessible in this experiment, which is typically from 0. together with a local loss of order. The modifications observed in Fig. 4(d) are in particular attributed to a local membrane disruption, followed by its spontaneous reformation. Such example emphasizes the capabilities of fast-polarization vibrational imaging, which can reveal the sub-second time scale dynamics of the lipid membrane ultrastructure. In particular, it was possible here to visualize local modifications during the time course of the MLV displacement, which was not accessible using the minutetime-scale regular polarization experiments.
At the cell level, lipids are of various nature, organized in a bilayer and in interaction with proteins constantly undergoing complex dynamics. Despite the much lower signal expected [30] , we were able to observe second-time-scale dynamics in thin lipid membranes down to the cell plasma membrane. Figure 5(a) depicts a typical result obtained from fast-polarization SRS on a thin DPPC MLV. The images obtained clearly show noisier S 2 values than those in thick MLVs, due to the expected lower lipid content in the focal volume; however, they still clearly depict quantitative information, here, for example, high order on the border of the MLV and less ordered membranes in an inner smaller vesicle. Despite the lower level of the signal, the mean and standard deviation values obtained over the large MLV were seen to be stable over time [ Fig. 5(a) ]. The even more challenging case of single lipid bilayer is depicted in Figs. 5(b) and 5(c) . Red blood cells modified by osmotic treatment (see Supplement 1) could be imaged and followed for minutes under fast-polarization CARS imaging, showing membrane morphology dynamics that reflect fluctuations at various scales (see Visualization 5). However, a clear limit of such a sample is its S 2 signal-to-noise conditions, which is a few orders of magnitude below that obtained in MLVs. This decrease is essentially due to the lower lipid content measured, a MLV containing typically 50-100 bilayers in the focal volume [16] . It also reflects a lower degree of lipid order due to the presence of different lipid types, proteins, and local membrane folding [31] [32] [33] [34] ; normalized S 2n values are indeed about five times less than those observed in MLVs. The lower S 2 signal obtained in red blood cells inherently leads to a higher sensitivity to polarization distortions, in particular, the even slight di-attenuation that was measured between the s and p components of the incident pump polarization (see Supplement 1, Figs. S2 and S3 ). Numerical models (see Supplement 1, Fig. S8 ) show that this di-attenuation leads to a bias in the determination of both S 2 and φ 2 , in particular, at φ 2 ∼ 90°with an underestimation of S 2 (see Supplement 1, Fig. S9 , and Visualization 6). Figures 5(b) and 5(c), therefore, depicts only S 2 ; φ 2 values for which the confidence range on φ 2 is within a margin of 10°, adapting a threshold on S 2 based on simulations and measured values. Note that this effect, associated to conditions of extreme low signal to noise, is not visible in the MLV measurements described above, which resemble more general conditions used for CARS/SRS imaging. Different strategies can be used to overcome bias in parameter retrieval under such conditions, by either correcting for polarization distortions in the optical setup using compensation optics or by post-processing correction [34] .
DISCUSSION AND CONCLUSIONS
Fast-polarization CRS imaging is demonstrated with the possibility to monitor second to sub-second time scale dynamics in lipid samples, down to single-cell membranes. This method allows access to local order (S 2 ) and mean orientation (φ 2 ) information simultaneously at a rate two orders of magnitude faster than that in regular-polarization CRS modalities; the rate could be made faster by the use of higher EOM modulation frequencies. The parameters of both orders S 2 ; φ 2 provide complementary information. The local order S 2 is a picture of the angular constraint experienced by the molecular bonds within the microscope focal spot, which quantifies molecular-scale disorder behavior occurring at the sub-diffraction scale. In contrast, the mean orientation φ 2 of the bond distribution is rather a mesoscopic-scale information occurring at the pixel scale, typically of 100 nm-300 nm size. It permits, for instance, quantifying the persistence or, on the contrary, the randomness of local orientations over distances from several hundreds of nanometers to micrometric scales, with a time scale of seconds. Both information are not present in conventional CRS, opening the possibility to access structural information on lipids in single cells and tissues. The technique has, in particular, capabilities to relate structural lipid packing dynamics to lipid phase formation and protein redistributions at fast time scales, but also to their regulation dynamics, which has been imaged recently by CRS in lipid droplets in cells [35] and tissues [2] . Higher refinement in lipid order monitoring can be brought by measuring both S 2 and its fourth-order counterpart S 4 , which provides information on the shape of the measured distribution. This can be made possible by tuning both pump and Stokes polarizations [17] , using two synchronized Pockels cells that address both excitation wavelengths independently.
Applications in biomedical optics are also promising, following the growing interest in monitoring lipid organization in myelin, a possible marker for early detection of neurodegenerative diseases [20] [21] [22] . Adapting polarized structural imaging for in vivo imaging is accessible, as shown already by in vivo CARS imaging [36] ; however, it would necessitate the implementation of epi-detection modalities. To explore this direction, we have tested the fastpolarization CARS methodology in the epi mode, demonstrating very similar results as in forward detection (see Supplement 1, Fig. S10 , and Visualization 7). Epi mode fast-polarization SRS would require the use of a beamsplitter at the expense of a loss of signal, which, however, would not be a limit in the observation of dense lipid structures such as myelin [23] .
At last, the method opens prospective possibilities in the use of broadband spectral SRS/CARS detection schemes, which allow monitoring specific chemical species in cells, more specifically, around the lipid band region were different lipid types can be discriminated [3, 4] . Raman spectra of individual blood cells are known, for instance, to show spectral features characteristic to tumor cells [37] . Polarization modulation between two polarization states has been used recently in combination with amplitude modulation for optimizing spectral focusing in SRS microscopy, essentially by eliminating cross-phase modulation in isotropic samples [38] . This scheme could be advantageously combined with the present method in non-isotropic samples such as those studied here, in order to increase the robustness of spectral measurement in broadband SRS configurations where polarization sensitivity is required. Note that hyperspectral analyses require disentangling the content of complex molecular bond mixtures. In this context, the modulation signals measured in this work can be interpreted into orientation distribution of vibrational bonds provided their symmetry is known, using microscopic to macroscopic frame transformations as detailed in [15, 39] .
Overall, the proposed method, applied as a new structural vibrational imaging scheme, is able to address the increasing demand for chemically specific dynamics imaging.
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